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Introduction
Methyl bromide (CH 3 Br) is a trace gas with a tropospheric concentration of about 10 parts per trillion per volume [1] and a total atmospheric life time of 0.6 to 0.9 years [2] .
CH 3 Br has the highest tropospheric concentration among all long-lived organobromides, making it the primary source of bromine to the stratosphere. Bromine radical in the stratosphere has been shown to contribute significantly to stratospheric ozone loss through coupled reactions with ClO, HO 2 and NO 2 radicals. Although the role of methyl bromide in the stratospheric ozone loss has been well documented, no spectroscopic data is available at the present time for methyl bromide in the atmospheric databases such as HITRAN [3] and GEISA [4] . Complete lists of spectroscopic line parameters are necessary to detect methyl bromide in atmospheric spectra and retrieve its concentrations in the atmosphere. Much work has been devoted to CH 3 Br, almost concerning line positions. An extensive review on this molecule was given by Graner [5] for works prior to 1981. References on more recent works can be found in Ref. [6] .
The present paper follows a series of recent works devoted to the measurements of line positions and line intensities for the 6 ν band around 10-µm [6] , and for the interacting 2 ν and 5 ν bands around 7-µm [7, 8] . This work is dedicated to an extensive study of the line parameters of the 6 ν band of CH 3 Br. A multispectrum fitting procedure [10] has been used to adjust simultaneously six experimental spectra recorded at different pressures of CH 3 Br and N 2 . Line positions, intensities, as well as self-and N 2 -broadening coefficients have been measured for about 1200 transitions between 880 and 1050 cm −1 in the 6 ν bands of 12 CH 3 79 Br and 12 CH 3 81 Br. The average accuracy of the line parameters obtained in this work has been estimated to be ± 0.0002 cm −1 for line positions, ± 5% for line intensities, and ± 5-10% for broadening coefficients.
Measured line positions have been analyzed using the set of codes written by G.
Tarrago [9] for C 3v symmetric-top molecules. Line intensities have been fitted using two different ways. The first one, in which all interactions have been neglected, led to the vibrational transition dipole moment for the 6 ν band as well as Herman-Wallis factors that describe the J and K dependences of the transition dipole moment. In the second one, the eigenvectors (determined previously from the calculation of line positions) have been used to model the dipole moment matrix with the set of codes written by G. Tarrago [9] . Both line
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intensity calculations are similar since the 6 ν band is isolated, and the 6 ν level presents weak l-type interactions. The extensive measurements for self-and N 2 -broadening coefficients has been obtained for large sets of values of J and K, for which clear J and K dependences have been observed. Empirical polynomial expansions have been used to model the rotational dependence of the experimental widths. Such a study has, to our knowledge, never been done for CH 3 Br.
The experimental procedure and the methodology of the analysis will be first presented respectively in Sections 2 and 3. Then, measurements and calculations of positions, intensities, and broadening coefficients will be presented in Section 4 together with comparisons of line positions and intensities obtained in Ref. [6] . The generation of a complete line list for the whole 10-μm spectral region will be described in Appendix.
Experimental procedure
The rapid scan Bruker IFS 120 HR interferometer of the Laboratoire de Dynamique
Interactions, et Réactivités (LADIR in Paris) was used to record six spectra (see Figs. 1 and 2). The unapodized spectral resolution used for each spectrum was about 1.1× 10 −3 cm −1
(FWHM), corresponding to a maximal optical path difference of 450 cm. The interferometer was equipped with a Ge/KBr beamsplitter, a MCT photovoltaic detector, a Globar source, and an optical filter covering the 800 -1100 cm -1 spectral region. Because of the spectral density of the 6 ν bands of CH 3 79 Br and CH 3 81 Br (see Figs. 1 and 2) and of the strong values of the self-broadening coefficients, a line by line study could not have been possible with too high pressures of CH 3 Br. The choice of the pressure for each spectrum has been done in order to have sufficient information on all the line parameters when analyzing a transition with the multispectrum fitting procedure. The experimental conditions of the six recorded spectra are summarized in Table 1 . For all spectra the whole optical path was under vacuum. For five of them a multipass cell of one meter base length was used for a total absorption path of 415 ± 1 cm. One spectrum was recorded using a 30 cm cell. These cells were equipped with KCl windows. The commercial gas sample, furnished by Fluka, with a stated purity of 99.50 % in natural abundances, was used without further purification.
Additional spectrum at low pressure of NH 3 has also been recorded with the multipass cell in hal-00745965, version 1 -26 Oct 2012
order to measure line positions belonging to the 2 ν band of NH 3 and to be able to calibrate the wavenumber scale of the CH 3 Br spectra.
The temperature of the gas in the cell was recorded with four platinum probes at different places in the cell. The uncertainty on the temperature measurements has been estimated to be ± 1 K. The pressure of the gas was measured with a capacitance MKS Baratron manometer with an accuracy estimated to be ± 1%. Every scan among the 200 recorded for each spectrum has then been individually transformed to spectrum using the Fourier transform procedure included in the Bruker software OPUS package [11] , selecting a
Mertz phase error correction [12, 13] . The spectra were not numerically apodized. They were slightly over sampled (over sampling ratio equal to 2) by post-zero filling the interferograms.
Averaging the 200 scans, the signal to noise ratio is nearly equal to 100. Symmetric line profiles were observed on the average spectrum, validating that the phase error was quite well corrected. A discussion on the apparatus function is presented in Section 3.1.1.
Description of the spectra analysis
First is described the apparatus function and the numerical treatment of the spectra that have been used in this study. Then the wavenumber calibration, using NH 3 transitions as references, is presented. Finally, conditions in which the multispectrum procedure has been used to retrieve line parameters are given.
Preliminaries

Apparatus function and numerical treatment of the spectra
For each spectrum, the apparatus function was calculated performing numerically the Fourier transform of the optical weighting function of the interferogram, due to the throughput, truncated at the maximum optical path difference [14] .
In the definition of the apparatus function, the aperture and the focal length of the collimator are sensitive parameters: nominal value the focal length (418 mm) was used. In trying to use the nominal value of the aperture (0.65 mm), noticeable discrepancies were systematically observed on fit-residuals of spectra 1 and 2 (see Table 1 for the indexing of the spectra), when analyzing simultaneously the six spectra. These discrepancies are shown on the lower residuals panel of Fig. 3 . Spectra 1 and 2 are the two lowest pressure spectra, in which the effect of the apparatus function is the most sensitive since the collisional widths are hal-00745965, version 1 -26 Oct 2012
weak. Using effective value of 0.80 ± 0.05 mm, obtained in spectra 1 and 2 fitting isolated transitions, led to improvement in the residuals, as it can be seen on the upper residuals panel of Fig. 3 . Difference between the use of nominal or effective value can lead to deviations of around 2 % on line intensities and broadening coefficients. Note that no signature appears in the residuals of the fit when the spectra are individually adjusted: the line parameters (especially the line intensity and the broadening parameters) compensate the effect of an "erroneous" apparatus function.
A multiplicative channel spectrum, due to the cell windows has been observed in all experimental spectra. Its period is around 0.60 cm -1 with maximum peak to peak amplitude of about 5 %. Because the adjusted spectral domains used are always less than the half-period of the channel, the channel can be reproduced by the polynomial expansion that adjusts the continuous background (see Ref. [10] ).
Wavenumbers calibration
In the multispectrum fitting procedure, the absolute zero pressure line positions are the parameters that are looked for (considering the line pressure-shifts negligible). This is possible only if the wavenumber scale of the spectra can be calibrated with respect to standard wavenumbers. The HITRAN wavenumber values for the 2 ν transitions of NH 3 [3] were taken as etalon. The quantity ε = (ν HITRAN2004 -ν this work ) / ν HITRAN2004 has been calculated for around 50 transitions between 892 and 1034 cm -1 . These lines were adjusted only on spectra 1 and 2, where the most accurate measurements of line positions can be done, and an average of the ε values has been deduced. The mean value < ε > = 1.79×10 -6 has been found with a scattering (1SD) smaller than 0.04 × 10 -6 , which corresponds to a wavenumber deviation of 1.79 ×10 -3 cm -1 at 1000 cm -1 with a scattering (1SD) of 0.04×10 -3 cm -1 . Considering the scattering of the wavenumber calibration, and the accuracy of the line positions of NH 3 given by HITRAN [3] (better than 0.1×10 -3 cm -1 ), the accuracy of the wavenumber calibration has been estimated to be better than 0.1 ×10 -3 cm -1 . We checked that the ε quantity did not significantly change from spectrum 1 to spectrum 2. As it has been observed previously in
Ref. [15] , this can be generalized to all spectra recorded with a rapid scan interferometer using the same optical arrangement. The average value of 1.79×10 -6 has been used for ε in the absolute wavenumber calibration of the six experimental spectra.
The multispectrum fitting procedure
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In the recent previous works on CH 3 Br, line parameters have been retrieved with a nonlinear least-squares method that adjusts a calculated spectrum to the experimental spectrum [6, 7, 8] . We call multispectrum fitting procedure [10] a non linear least-squares method in which several laboratory spectra are analyzed simultaneously, and where the adjusted line parameters are the same for all the spectra.
Since methyl bromide has a significant dipole moment, the self-broadened half-widths of CH 3 Br lines are significantly larger than the N 2 -broadened half-widths. Indeed dipole-dipole interaction is dominant in self-broadening, whereas for collisions between methyl bromide and the homopolar molecules as nitrogen, this is the dipole-quadrupole interaction which is dominant. It results also that the rotational dependence of the self-and N 2 -broadening coefficients are not the same (meaning that the ratio between the self-and N 2 -broadening coefficients is not constant). Thus, in laboratory measurements in which appreciable amounts of methyl bromide are used, self-broadening must be considered while determining foreigngas-broadened linewidths. Line positions (in cm -1 ), intensities (in cm.molecule −1 for natural CH 3 Br at 296 K), and broadening coefficients (in cm -1 .atm −1 at 296 K) were obtained in one simultaneous fit of the six spectra recorded with various experimental conditions. The total partition function calculated in Ref. [6] has been used to convert the line intensity at 296 K.
For the broadening coefficients, we supposed that the effects of the collision for CH 3 79 Br and CH 3 81 Br are similar, so that the broadening coefficients can be written: 
No temperature conversion has been done for the broadening coefficients, since temperatures of all spectra are very closed.
For all spectra, the profile of the line was calculated using a Voigt function. No characteristic signature due to the presence of collisional narrowing or line mixing has been observed in any residual. A study of these collisional phenomena is planed using higher pressures of CH 3 Br and N 2 . broadening coefficients. Special care has been taken to measure a maximum of transitions with a large scale of J and K values in all type of branches. This effort was necessary to observe and reproduce the strong rotational dependences for the transition dipole moment squared as well as for the half-widths. The whole set of measured line positions, intensities, as well as self-and N 2 -broadening coefficients for the 6 ν band of CH 3 Br is given in Table 2, in which the observed transition dipole moments squared are also reported, as well as the differences between the observed and calculated line positions, intensities, self-and N 2 -broadening coefficients. It can be noticed that the A+ and A-components for K = 3, 6, 9,… are not resolved. For these transitions, we supposed that the two components A+ and A-are sufficiently closed to be considerate as a single line noted A. In this case, line parameters have been obtained for the sum of the A+ and A-components, noted A in Table 2 .
Results
Analyses
Line positions analysis
The wavenumber calibration, done from NH 3 line positions measurements (see section 3.2.2), allowed the determination of absolute line positions with a mean accuracy estimated better than ± 0.0002 cm -1 . These experimental positions have been compared to those obtained in Ref. [6] . The average discrepancy between line positions of this work and those of Ref. [6] is equal to 0.00024 ± 0.00020 cm -1 for 290 lines in common.
As mentioned above, the analysis of the measured line positions has been done using the set of codes written by G. Tarrago [9] for C 3v symmetric-top molecules, which takes into account the l-type interactions and allows the determination of the eigenvectors. For the ground state, the energy levels are calculated using equation and parameters of Ref. [16] . For the v 6 = 1 degenerate upper state, the diagonal matrix elements of the vibration-rotation
Hamiltonian as also the l-type off-diagonal matrix elements given in Ref. [6, 17] have been fitted. The molecular parameters used to fit the measured line positions are given in Table 3, together with those of Ref. [6] . In comparison with Ref. [6] , two additional parameters were fitted, q 2J , the J(J+1) dependence of the l-type parameter q 2 and one sixth order centrifugal distortion parameter H J . Experimental line positions and the differences between the experimental and calculated line positions are given in Table 2 . The average discrepancy of column labeled Dif in Table 2 (for 1166 transitions) is equal to (0.002 ± 0.118)×10 -3 cm -1 .
The theoretical treatment developed in Ref. [9] appeared to reproduce very well the whole set of measurements.
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Line intensities analysis
Theory on line intensities analysis of C 3v molecules as methyl bromide can be found in
Refs. [18] [19] [20] 21] . 
where K' is the rotational quantum number for the upper state, and m is equal to −J for ΔJ = −1, 0 for ΔJ = 0, and J+1 for ΔJ = +1 [21, 22] . Because no isotopologue's dependence has been observed, the values obtained for both CH 3 79 Br and CH 3 81 Br have been fitted together using Eqs. (10, 11 4 ). The average discrepancy (100 × (obs -calc) / obs) between the experimental and calculated transition dipole moments squared (or line intensities) is equal to -0.01% ± 3.84%.
The second model (model 2) as developed in the set of codes written by G. Tarrago [9] for C 3v symmetric-top molecules that takes into account the l-type interactions and Coriolis interactions. With this method, the eigenvectors obtained from the treatment of the Hamiltonian, can be described as a linear combination of the zero-order basis wavefunctions
. The matrix elements of the M-reduced transition moment [6, 19, 23] 
[ ] d represents a correction factor in K [19] . The F function for perpendicular bands, as defined in Ref. [19] , depends on m and K:
The F function is also called Höln-London factor, but is different from a factor 4 to the expression of L(J,K,ℓ) in order to have consistency with Eqs. (4) and (5) . The following expression of L(J,K,ℓ) [23] has been used:
For K = 0, the Hönl-London factors from Ref. [22] used for model 1 in Eqs. (10) (11) (12) and those from Refs. [6, 9, [18] [19] [20] used for model 2 and reported in Eqs. (8, 9) have to be multiplied by a factor 2. This is due to the statistical weight g KJ which is included in the Hönl-London factors. Indeed, in these expressions, the value of g KJ has been chosen equal to 2J+1, which is true for K ≠ 0, but not for K = 0 where the statistical weight g KJ is equal to 2×(2J+1 Comparisons with experimental results of Ref. [6] led to an average discrepancy between the observed line intensities of this work and those of Ref. [6] equal to -2.3% ± 5.4%
(100 × (this work -Ref. [6] ) / Ref. [6] ) for 290 lines in common. If we use the calculated line intensities of Ref. [6] and our measured line intensities (around 1200 transitions), an average discrepancy of -5.6 ± 7.0 % (100 × (this work -Ref. [6] ) / Ref. [6] ) is found. These discrepancies are too large to be only due to the experimental accuracy of both studies.
Indeed, due to a lack of measured line intensities in Ref. [6] , especially for values of K greater than 5, the K dependence of the M-reduced transition moment has not been taking account in
Ref. [6] . The effect can be seen in Table 4 and 5 of Ref. [6] , where systematic negative discrepancies between the calculated and observed line intensities are observed for transitions with ΔK = +1 and high value of K, whereas systematic positive discrepancies are observed for transitions with ΔK = -1 and high value of K. The values of d 6 = 0.05369 (9) and 0.05352 (9) Debye, obtained for CH 3 79 Br and CH 3 81 Br respectively [6] , are 3.5% different to the value we obtained using model 2, resulting in a 7% mean difference on the line intensities.
Self-and N 2 -broadening coefficients analysis
Extensive measurements of broadening coefficients, obtained for various values of K and for a large scale of J values, can allow the study of the rotational dependence (in J and K) of broadening coefficients. Such a work requires a great amount of accurate measurements.
For C 3v molecules, the study of Nemtchinov et al. [25] on NH 3 , and the study on CH 3 D of Predoi-Cross et al. [26, 27] can be cited as recent works dealing with the rotational dependence of broadening coefficients for large sets of J and K values. For methyl bromide, such a study has, to our knowledge, never been done. The experimental self-and N 2 -broadening coefficients, obtained for J and K values ranging from 0 to 55 and 0 to 9 respectively, are listed in Table 2 . In order to correctly model the line widths, we chose to fit the broadening coefficients for each value of J as a function of K. As it has been observed in numerous works concerning C 3v molecules [25] [26] [27] [28] [29] [30] [31] , for a set of broadening coefficients with same value of J, the widths decrease with K. Each set of same value of J was fitted by a polynomial expansion of order two in K (fixing the first-order term to zero):
for the self-broadening coefficients respectively, and in Figs. 8 and 9 for the N 2 -broadening coefficients. As it can be observed in these figures, the zero and second order coefficients are monotonously J dependent, and can be fitted by effective polynomial expansion in J.
The polynomial expansions chosen to fit the 0 J a and 2 J a coefficients obtained for the selfbroadening coefficients are equal to:
For the N 2 -broadening coefficients, we used:
The coefficients resulting from the fits in J of the
Conclusion
Absolute line positions, intensities, self-and N 2 -broadening coefficients have been measured for around 1200 transitions belonging to the 6 ν band of CH 3 Br near 10 µm.
Constants for the energy of the v 6 = 1 level, as well as intensity parameters for 6 ν band have been deduced and can be considered as an improvement of line positions and intensities previously obtained in Ref. [6] . Measurements of numerous self-and N 2 -broadening coefficients for different values of J and K led to a fitting of self-and N 2 -broadening coefficients. All the parameters obtained in this work allowed to generate a complete line list for atmospheric observation of CH 3 Br transitions around 10 µm (see Appendix).
The line list is available upon requests to the authors, and will be proposed to the HITRAN [3] and GEISA [4] databases. An extract of this list is presented in Table 5 .
In order to produce a complete line list of transitions for the 6 ν band of CH 3 
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Captions of tables Table 1 . Experimental conditions and characteristics of the recorded spectra Captions of figures Fig. 1 . Overview of the 6 spectra recorded in this work with the Bruker IFS 120 HR interferometer of the LADIR. We assigned a number from 1 to 6 to these experimental spectra (see Table 1 for details). Br for K = 4 in the six spectra recorded in this work. (see Table 1 for the spectra numbers) Fig. 3 . Multispectrum fitting of an isolated transition centered at 1035.932 cm -1 . The lower residuals panel corresponds to the residual obtained from the multispectrum fitting procedure using nominal value of the aperture, whereas the upper residuals panel is obtained using effective value of the aperture (see section 3.1.1). Signatures observed for the two lowest pressure spectra (#1 and #2: see Table 1 for the numbering of spectra) disappear when using effective values of the aperture. a deduced from the fit of the measured N 2 -broadening coefficients using Eq. (13) . The continuous line symbolizes the fit of these coefficients using Eq. (18, 19) . The error bars are 1SD. Fig. 10 . J and K dependence observed and calculated for all the self-broadening coefficients measured in this work. The squared symbols symbolize the measured widths, and the continuous line has been used to represent the calculated widths using the algorithm described in section 4.3. Fig. 11 . J and K dependence observed and calculated for all the N 2 -broadening coefficients measured in this work. The squared symbols symbolize the measured widths, and the continuous line has been used to represent the calculated widths using the algorithm described in section 4.3.
hal-00745965, version 1 -26 Oct 2012 Br and 81 for CH 3 81 Br) for which the transition is observed, the type of branch for K and J, the rotational quantum number J of the lower state, its symmetry, and the rotational quantum number K of the lower state. Position column corresponds to line positions at zero pressure measured in this work. The Dif column is the difference between the experimental and calculated positions in 10 -3 cm -1 . S obs are the line intensities for natural CH 3 Br at 296K in cm.molecule -1 .
2 obs R are the observed transition dipole moment squared deduced from the measured line intensities. %1 and %2 represent the difference in % ((obs-calc)/calc×100) between the experimental and calculated intensity obtained using respectively the empirical analysis based on the Herman-Wallis factor or the set of codes of Ref.
[ Fig. 1 . Overview of the 6 spectra recorded in this work with the Bruker IFS 120 HR interferometer of the LADIR. We assigned a number from 1 to 6 to these experimental spectra (see Table 1 for details).
Wavenumbers in cm Br for K = 4 in the six spectra recorded in this work. (see Table 1 for the spectra numbers) Wavenumbers in cm The lower residuals panel corresponds to the residual obtained from the multispectrum fitting procedure using nominal value of the aperture, whereas the upper residuals panel is obtained using effective value of the aperture (see section 3.1.1). Signatures observed for the two lowest pressure spectra (#1 and #2: see Table 1 for the numbering of spectra) disappear when using effective values of the aperture. 
